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We study the impact of the Randall- Sundrum setup on the width difference AFs and the CP- 
violating phase 03 in the B^-B^ system. Our calculations are performed in the general framework 
of an effective theory, based on operator product expansion. The result can thus be used for many 
new physics models. We find that the correction to the magnitude of the decay amplitude is 
below 4% for a realistic choice of input parameters. The main modification in the Ars//3s-plane is 
caused by a new CP- violating phase in the mixing amplitude, which allows for a better agreement 
with the experimental results of CDF and D0 from Bg J/iptf' decays. The best-fit value of 
the CP asymmetry S^^ can be reproduced, while simultaneously the theoretical prediction for the 
semileptonic CP asymmetry A|l can enter the la range. 

PACS numbers: 12.60.-i, 13.25.Hw, 14.40.Nd 



I. INTRODUCTION 

Within the search for new physics (NP) in the decay 
of Bg-mesons, an important observable is the width dif- 
ference AFs = r£ — Tjj between the light and the heavy 
meson state. According to the above definition, AF,, hap- 
pens to be positive in the Standard Model (SM). It can 
be computed from the dispersive and absorptive part of 
the Bg-B^ mixing amplitude, and Ffj . To leading 
order in |Ff2|/|-^^i2l one finds the simple relation P, Q 
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We define the relative phase (jj^ between the mixing and 
the decay amplitude according to the convention 
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ositive and explicitly given by 
. The combined experimental 
differ from the SM prediction 



for which the SM value is 
</>™ = (4.2 ±1.4) -10-3 
results of CDF and D0 

in the (Z?/^'^''^, AFs)-plane by about 2a [^, whereas the 

latest CDF results disagree by la only 0. Here, jSi^'^'^ G 
[— 7r/2, 7r/2] is the CP-violating phase in the interference 
of mixing and decay, obtained from the time-dependent 
angular analysis of flavor-tagged i?" J li'4> decays. In 
the SM it is given by 0, i) 



arg 



0.020 ±0.005. 



with A"** = VnbV*^ . In the presence of NR AF^ will be 
modified 0, Q • We adopt the notation of Q and extend 
the SM relations according to 
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From ([T]) it follows that 



AFs = 2|F^2™l^r cos 
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where AF^^ = (0.087 ± 0.021) ps'^ A further im- 

portant observable is the semileptonic CP asymmetry 
— Im(Ff2/-A^i2)- Including NP corrections, we find 
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Within the SM, the leading contribution to the dis- 
persive part of the _B^-_B^ mixing amplitude appears at 
the one loop level. If NP involves flavor-changing neutral 
currents (FCNCs) at tree level, these give rise to sizable 
corrections to the mass difference Ams, = Mfj — Ml = 
\. In the context of Randall-Sundrum (RS) see- 
the corrections to Mfj have been calculated 
See also [13, [l5| for a first estimate. 
On the other hand, the presence of tree-level FCNCs 
and right-handed charged-current interactions give rise 
to new decay diagrams. However, the NP corrections to 
the absorptive part of the amplitude are suppressed by 




TO^/A with respect to the SM contribution, where A 
is the NP mass scale. Thus, they are neglected in many 
NP studies. Recently, model- independent estimates on 
A^ j in the presence of heavy gluons have been presented 
in |l6l | , taking into account modifications in r|2 ■ 

NP 

contributions from electroweak (EW) penguin operators 
as well as right-handed charged currents have not been 
considered. We find that the former can compete with or 
even dominate contributions from QCD penguins within 

(3) 

the minimal RS model [ij, [l^ , where part of the latter 
tend to give the dominant contribution to Tff^^ for the 
most natural choice of input parameters. 

This article is organized as follows. In the next section 
we briefly summarize the main features of the RS model. 
We distinguish between two variants, the minimal and 
the custodial RS model with protection of the Z6l5l 
(4) vertex, each with a brane-localized Higgs. Then we cal- 
culate the leading contributions to Ff 2 in the presence of 
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NP, where we restrict ourselves to operators which are 
expected to give the dominant corrections for the mod- 
els at hand. A numerical scan across RS contributions 
is presented in Section IIVI Here, we evaluate Mfj and 
for 10000 appropriate random sets of input parame- 
ters. Important constraints arise from the B'^-B'^ oscilla- 
tion frequency, which corresponds to the mass difference 
Atub^, and the observable ex- The results are presented 
in the ATg/Ps- as well as the Ag^/S^^ -plane. We con- 
clude in Section |Vl In a series of appendices we collect 
analytic results for RS Wilson coefficients needed in our 
computations. 



II. FEATURES OF THE RS MODEL 

The RS model is formulated on a five-dimensional (5D) 
Anti-de Sitter space. The compactified fifth dimension is 
an /Z2 orbifold, labeled by a dimensionless coordinate 
(j) G [— Ti", tt] . The usual 4D space-time is rescaled by 
a so-called warp factor, such that length scales depend 
on the position in the extra dimension. The whole (5D) 
space-time is called the bulk. The RS metric is given by 



(7) 



with r]^^ =diag(l, —1, —1, —1). Here, k and r denote the 
curvature and the radius of the fifth dimension, which 
are of the order of the (inverse) Planck scale. The Z2- 
parity identifies points (a;^,^) and (a;^,— 0) and thus 
gives rise to boundaries at ^ = and tt, which are called 
Planck/ultraviolet (UV) and TeV/infrared (IR) brane re- 
spectively. The RS model solves the gauge hierarchy 
problem by suppressing mass scales on the IR-brane. Ex- 
plicitly, one achieves 
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for L = km 37 (e = lO-^^). Thus, the strong hier- 
archy between the Planck and the weak scale, Afpi and 
Mw, is understood by gravitational red-shifting, if the 
Higgs field is localized on or near the IR-brane. An effec- 
tive four dimensional description is usually obtained via 
Kaluza-Klein (KK) decomposition, which replaces each 
5D field by an infinite tower of massive 4D fields, each 
of them supplied with a so-called profile depending on (j>. 
Even fields under Z2 (which in addition obey Neumann 
boundary conditions (BCs) on both branes) posses a 
massless zero mode, which can however receive a mass via 
coupling to the Higgs. Those light modes are interpreted 
as the SM fields. The masses of the additional heavy 
KK modes are of the order of the scale Mkk = ke w 
few TeV, which is identified with the cut-off A of the ef- 
fective low-energy theory. For instance, the mass of the 
first KK gluon is given by m^^^ « 2.45 Mkk- Take care 
of the fact that some authors define Mkk as the mass 
of the first excitation. Explicit formulas for the fermion- 
and gauge-b oson profiles have first been given in [l^, [l^ 
and [201 . |2l| , respectively. The warp factor can be used 



to generate fermion-mass hierarchies [1^, [T^ . This 
is achieved by localizing the fields differently in the bulk 
by an appropriate choice of the doublet/singlet 5D mass 
parameters Mg./g., which are often called bulk masses. 

The appearance of tree level FCNCs is caused by the 
modified interactions between gauge and matter fields, 
which now contain overlap integrals of the corresponding 
profiles. If the gauge field possesses a mass, the over- 
lap is flavor (and KK mode) dependent, giving rise to 
FCNCs when changing from the weak interaction to the 
mass eigenbasis. A crucial observation is that these non- 
universal overlap integrals are exponentially suppressed 
for UV localized (i.e. li ght) fermions. This is known as 
RS-GIM mechanism Il5||. Details about the couplings 
and overlaps within the minimal RS formulation, with an 
IR-brane Higgs as well as gauge- and matter fields in the 
bulk, can be found in [l^. The famous custodial exten- 
sion including a protection for the ZbiJ)L vertex psi. [23| 
is treated in [2^, [23 . 

If one deals with SM-like quarks, it is convenient to 
expand the profiles in terms of u^/M^j^, where v « 246 
GeV is the Higgs vacuum expectation value. This in- 
volves the zero-mode profile evaluated at the IR-brane 



F{c) = sgn[cos(7rc)] 



l + 2c 
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as a function of the bulk mass parameters cq. = Alq./k 
and Cq^ = -Mq./k To leading order (LO) in w^/Mkk 
the spectrum of the light down-type quarks corresponds 
to the eigenvalues of the effective Yukawa matrix 
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:diag [F(cQ.)] Yddiag [F(cdJ] 
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Ud diag [rud, m,,, m^] W]^ 
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The mixing matrices Ud and Wd are most easily ob- 
tained by a singular- value decomposition of the left-hand 
side of the latter equality. From now on, we will refer to 
the first non-trivial order in the expansion in v'^/M^^ 
(which we also apply for massive gauge bosons) as the 
zero- mode approximation (ZMA). 



III. CALCULATION OF TI2 

Within the SM, Ffn is known to ncxt-to-lcading order 
(NLO) in QCD [l[27|-l3i|. In this section, we calculate 
the leading contribution to in the presence of NP. It 
is given by the hadronic matrix element of the transition 
amplitude, which converts into i?^ 
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Taking the discontinuity in the expression above projects 
out those intermediate states, that are on-shell. The lead- 
ing correction to the SM result is given by the interfer- 
ence between SM and NP insertions. The framework 
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of heavy-quark expansion (HQE) allows for a systematic 
evaluation of the matrix element in powers of 1/mf,. At 
the zeroth order, the momentum of the B-mcson in its 
rest frame corresponds to the momentum of the bottom 
quark, while the strange-quark momentum is set to zero. 
At typical hadronic distances x > l/nib, the transition 
of -Bj into B° is a local process. Thus, the matrix el- 
ement can be expanded in terms of local AB = 2 op- 
erators. QCD corrections are implemented by running 
the AB = 1 operators from the matching scale down to 
the mass of the bottom quark. The leading SM contribu- 
tions can be collected into matrix elements of the AB = 2 
operators 



Ql = {Sibi)v-A{Sjbj)v-A , 

0,2 = {sibi)s+p{sjbj)s+p , 



(12) 



where i and j denote color indices and a summation over 
repeated indices is always understood throughout this 
article. The shorthand notation VztA indicates the Dirac 
structure 7^(1±7^) in between the spinors, whereas S±P 
denotes (1 ± 7^). The possibility of having right-handed 
charged currents within the RS model asks for further 
AS = 2 operators, caused by interference of SM with 
NP insertions. We introduce 



Q3 = istbj)s+pisjbi)s+p , 
Qa = {sibi)s^p{sjbj)s+p , 
Ss = {sibj)s-p{sjbi)s+p ■ 



(13) 



The appropriate AB = 1 Hamiltonian, allowing for 
new right-handed charged currents as well as FCNCs, is 
given by 



njAB = l 
"•eff 



„ 10 10 



In the RS model the operators Qi^2 arise from (KK) W^- 
boson exchange, and the LR/ RL operators involve right- 
handed charged currents. They are defined as 



penguin operators 



Ql = [siCj)v-A[Cjbi)v-A^ 
Q2 = {StCi)v-A{C]bj)v-A, 
Ql^ = {StCj)v-A{Cjbi)v+A , 
(SiCj)v_^(Cj6j)v+A , 



(15) 



and the Qf^ are chirality flipped with respect to Q,f ^ . 
Operators of the type RR are not included into our analy- 
sis as their coefficients scale like v'^/M^^ in the models at 
hand. Due to the hierarchies in the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix and the RS-GIM mechanism, it 
is sufficient to restrict ourselves on c quarks as intermedi- 
ate states, when we calculate the RS corrections involv- 
ing the charged current-sector. For the SM contribution 
however, we include the combinations uc, cu, and uu in 
addition to the operators given above. Concerning the 
NP corrections LL, LR, RL, we pull out the CKM fac- 
tor A^'* for convenience. The measured values for Vcb and 
Vcs, extracted from semileptonic B and D decays, should 
be identified with the exchange of all {SU{2)l) VF-type 
bosons. As a consequence, the NP coefficients (7^2 arise 
only due to non-factorizablc corrections, which can not 
be absorbed into A^". We further have to include QCD 
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as well as EW penguin operators 
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-A^^^Qq iQ]qi)v-A 
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where q =^ u,c, d, s, and Qq is the electric charge. 
Here, no CKM factors are involved and one has to keep 
all light quarks as intermediate states if one considers 
neutral-current insertions only. The operators Q3..10 are 
chirality-flipped with respect to (IT6l) and ((TT)) . In prin- 
ciple, there is the possibility of a flavor change on both 
vertices for NP penguins and the Wilson coefficients de- 
pend on the quark flavor q. However, these effects suffer 
from an additional RS-GIM suppression and can be ne- 
glected for all practical purposes. For the same reason 
the chirality flipped penguins C;^.^iq can be neglected 
compared to C|':^]^o fo'" transitions [l^. Within the 
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minimal RS model it will turn out that, despite of the 
a/ag-suppression, the EW penguin operators can domi- 
nate over the gluon penguins jl3l - ll5| . This is explained 
by an extra factor L, which shows up in the leading cor- 
rection to the left-handed Z°-coupling. Note that this is 
not the case in the custodial RS variant [l^, [l^] , which 
features a protection for the Zhjjji^ vertex. The RS Wil- 
son coefficients of the penguin operators can be found in 
and are collected in Appendix |B] for completeness. 
There further is the possibility of flavor-changing Higgs 
couplings which, however, can be neglected against the 
contributions of flavor-changing heavy gauge bosons in 
RS models. 



Concerning the double-penguin insertions, we include 
all light quarks with masses set to zero (besides m^. The 
double-penguin insertion also allows for leptons within 
the cut-diagram. However, as the related SM coefficient 
is suppressed by a/ as, there is no chance to obtain big ef- 
fects from sh — >■ fr transitions, which are less constrained 
by experiment [s^ . Note that this is not a general state- 
ment about NP models. If there is a tree-level transition 
sh TT mediated by light NP particles in the range of 
^ 100 GeV, the double NP insertion becomes comparable 
to the SM diagrams [U- Possible candidates are scalar 
Icptoquarks ^[l^. Neglecting intermediate leptons, we 
find to LO in l/rub 
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\mbj 
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where z = ml/ml and (Q) = (i3"| Q\B°). In order to 
get a compact result, we have defined the linear combi- 
nations {A, B e {L, R}) 



+ * = 1,2,3. 



(19) 



where the coefficients on the right-hand side of (|19p are 
themselves linear combinations of Wilson coefficients. In 



agreement with [23l we have {Ci+j = Ci + Cj) 



2 (NcCiCz+Q + C1C4+10 + C2C3+9) . 
2 C2C4+10 , 



A'3 — 2 (NcCiC^+r + Ci 6*6+8 + C'2C5+7 + C2C6+8) , 
AT" = NcC^^g + 2 6*3+9 C4+ 10 



+ 2 C5+7C6+8 



(20) 



-^2 — ^4+10 + '^('^ 



6+8 ■ 



6+8 



ATg = 2(AfcC3+9C5+7 + C3+9C( 

+ ^4+106*5+7 + C4+10C6+8) ■ 

The combinations Ki stem from the insertion of charged- 
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current operators and give the dominant contribution in 
the SM. The coefficients K'- and K^' correspond to the in- 
terference of charged-current with penguin operators and 
penguin-penguin insertions, respectively. As we consider 
fight quarks (q = u, d, s) in the fimit niq = 0, there is a 
canceUation in the EW penguin sector due to the electric 
charges. The coefficients therefore resemble the K,^ , 
with C7..10 set to zero. For strange quarks as intermedi- 
ate states, there is a second possibility for the penguin 
insertion. In the limit = 0, there are additional con- 
tributions from 



SM penguins 
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'LR 
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K. 
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-f- CsCi"^ + 



2 CiC^" 

2 (iVcCsCf ^ + C5C 



LR 
2 



LR\ 



LL\ 



(24) 



=.(2 + iV,)(C4-Cio/2)^ (21) 
+ 2 (iV, + 1)(C3 - C9/2)(C4 - Cio/2) 
+ 2 (C3 - C9/2)2 , 
K':^ = 2 (C3 - C9/2)(C4 - Cio/2) + (Ca - ^9/2)^ . 



Note that these terms have not been taken into account 
in [27j . However, as all double-penguin insertions are 
numerically suppressed, this omission has no significant 
effect. Next we come to the interference of SM diagrams 
with NP penguins, which is collected in 
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+ (7Vc + l)C3(C4^P-CNP/2) 
+ 2C3(Cr-C9^^/2)), 
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and 



7^"NP o /' Ar ,^NP I ri /^NP I n /^NP 
^1 — ^ W^cC'303_|.g -I- O3O4+10 + ^4^3+9 

+ NcCtsC^^i + C^Cq^^ + CqC^^j) , (23) 



'NP 
'6+8 J 



r, ( -\T r< /^NP I r< /^NP I /-fNP , ,^NP 

— / ^iVc0305_|.7 -h C-sOg+g -h 0405_|_7 040g_|_8 

Ar n /^NP I ,-<NP I ri /^NP , /-< /-<NP \ 
+ iVcC-sOg+g -t- O5O4+10 + L'6L'3+9 + <-^6(-^4+10i ■ 



Here, we have neglected the tiny contributions from the 
interference of SM EW penguins with NP graphs. There 
further is interference between NP charged currents and 



The corrections to the purely charged-current interac- 
tions are collected into 



K^^ = 2 (iVcCiCf ^ -I- CiC^^ + C2C^^) , 



K 



LL 



2 — 2C2C2 

LR. 



LL 



: 2 [N^CiC^^ + CiC^^ + CaCf ^) 



(25) 



=2 CaCl-^. 



The coefficients k\ ■'^^ resemble k\ with C/'^ re- 
placed by C/'^. All NP coefficients should by calculated 
at the NP mass scale and then be evolved down to ruh- 
Explicit expressions for the minimal and the custodial 
RS model can be found in the appendices. 

For the sake of completeness, we finally quote the 
known results for the mixing amplitude. One defines 



n. 



off 



i=l 



(26) 



where there are no tree-level contributions to 6*2,3 and 
C2.3 in the RS model [11 [Tl. The RS correction to 



can be found in [l^, E^l : a-nd is given by 



(27) 



M- 



sRS 



(cP(,n,) + cfS(mb)) B, 
+ ^R{mb)Cf^imb)Bi (28) 



+ -Rimb)Ct{rhb)B5 

The bag parameters Si, 4, 5 are listed in (p4| . and the 
AB = 2 coefficients can be found in Appendix [C] Com- 
pared to C^^{fhh), the coefficient Cf'^{rhb) is suppressed 
by about two orders of magnitude due to a stronger RS- 
GIM mechanism. The coefficients C^^{fhb) and C^^(mf,) 
are even further suppressed. The SM mixing amplitude 
can be taken from 0, l37| 



M- 



,fsSM 



12 



12^ 



{X'l') ml^mB^VBfl^BiSoixt), (29) 



where rjB = 0.837 involves NLO QCD corrections in naive 
dimensional reduction (NDR). So{xt) is the Inami-Lim 
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function and Xt = mt{mt)'^ /rn^ with mt(mt) = (163. 8± 
2.0) GeV. The meson mass and decay constant are given 
by ms, = 5.366(1) GeV [H and fs, = (238.8±9.5) McV 
[3g |. respectively. If not stated otherwise, all other ex- 
perimental input is taken from [ssj . 



IV. NUMERICAL ANALYSIS 

In order to obtain the RS predictions, we need an 
appropriate set of input parameters, consisting of the 
Yukawa matrices, the bulk-mass parameters cq- and Cq. 
of the S'f7(2)L-doublet and singlet fcrmions, as well as the 
KK scale Mkk- Within an anarchic approach to flavor, 
all Yukawa entries are chosen to be of 0(1). The gen- 
eration of input points is most easily achieved by mak- 
ing use of the warped-space Froggatt-Nielsen mechanism 
[Tsl Il7| . which provides simple analytic expressions for 
the fermion masses and Wolfenstein parameters in terms 
of the zero-mode profiles (jH]) and entries of the Yukawa 
matrices, but independent of Mkk to first approxima- 
tion. In our analysis, we use 10000 randomly generated 
parameter sets with KYu^d),,, ! G [0.1, 3], which guarantees 
perturbativity of the Yukawa couplings in higher order 
corrections [40j . The points are chosen such that they fit 
the correct zero-mode masses, CKM mixing angles and 
phase in standard convention [s^ within the 1 a range. 

The contributions of some individual ingredients of 
dUl) are summarized in Table H The SM coeffi- 



cients arc taken from |4l| . For the sake of compari- 



son, we rescale the RS penguin coefficients, for instance 



%/2(GfA^^)" 



(SM: 



are not supplemented with a CKM factor in (|14p . Wc 
compare the mean absolute values of our RS predictions 
to the corresponding sizes of the SM coefficients, where 
the numbers have to be multiplied by the order of mag- 
nitude given in the last column. The maximum values 
exceed the given numbers by at least one order of mag- 
nitude, as suggested by the large standard deviations. 
The NP mass scale is set to Mkk = 2 TcV and we dis- 
card all points, which are in conflict with the Z*^ — >■ bb 
"pseudo observables" . These are the ratio of the width 
of the Z^-boson decay into bottom quarks and the total 
hadronic width, R^, the bottom quark left- right asym- 
metry parameter Ab, and the forward- backward asym- 
metry for bottom quarks Apg, which set an upper limit 
on Cb^ = CQ^ [13] . For Mkk = 2 TeV, most points with 
> —0.5 are excluded. On the other hand, for 0(1) 
Yukawa couplings, the top-quark mass only allows for a 
minimal UV localization of the (^Li^l)^ doublet. Thus, 
the valid bulk-mass parameters cq^ are clustered around 
— 1/2 . We reject all points which lie outside the 95% con- 
fidence region in the 5^ — 5^ plane (see analysis in [l^l ) . 
Within the custodial RS variant with protection of the 
^°&L^L-vertex, the related upper bound on Cb^^ vanishes. 
On the other hand, there is no stringent upper bound on 
the bulk-mass parameter ctj, = c„3, which we allow to 
vary within [—0.5, 1]. 



Model/Coef. 




1^2 1 








X 


SM 


0.543 


0.016 


12.656 






10-1 


mean(min RS) 
stand, dev. 


0.16 
0.17 


0.03 
0.03 


0.01 
0.05 


4.40 
7.41 


0.04 
0.06 


10-^' 
10"^ 


mean(cust) 
stand, dev. 


0.94 
1.39 


0.06 
0.09 


0.23 
1.38 


2.22 
4.98 


0.03 
0.05 


10"^ 
10"^ 



TABLE I: Selected SM penguin and charged current coef- 
ficients contributing to compared to the mean absolute 
values of the corresponding RS coefficients for Mkk = 2 TeV 
and n — rhb . See text for details. 



Neglecting experimental constraints, there is no differ- 
ence between the minimal and the custodial RS variant 
at LO in /M^^ in the charged current sector (see Ap- 
pendix For the natural assumption of cq^ < — 1/2 
the biggest correction comes from the operator Q2^- 
This is easy to understand if we apply the Froggatt- 
Nielsen analysis of [13] to (|X5|) and Setting all 
Yukawa factors to one, we can derive simple expressions 
for the Wilsons coefficients by performing an expansion 
in the Wolfenstein parameter A ~ 0.225 , which is related 
to ratios of IR zero-mode proffies [l^ 



\ncQ,)\ 



X. 



\FicQ.)\ 



]F(cqJ] ■•' \F{cQ,)\ 
Thus, we find as a crude approximation 



]F(CQ3)]^0(1) 



(30) 



K^), as they qLL 



^LF{cQ,rF{cQ,r., 



(31) 



V 



2M2k FicQ 



^(^«^)f(c„JF(c,,)oc« ' 



M2 



F(c„Ji^(cdJ cx 



2 rrirm^ 



M2 



Note that the importance of C2^' grows with increasing 
UV-localization of the (cl, sl)^ doublet. The coefficients 
with A,B& {L, R} are zero at the matching scale, 
but generated through operator mixing when running 
down to ^ = fhb- As it turns out, the values of ]ifi^^] 
are about a third of the respective values of ]i^^^] at 
fi = fhb- In the RS model the contributions from the co- 
efficients Cj^^ and C/*^ can be neglected, just as those of 
the chirality flipped penguins. The coefficients K/^^ and 
-ftTj RS gYQ-^ with an increasing value of Cb^ and Cs^ = cq^ . 
The reason is that the RS corrections due to penguin op- 
erators are dominated by overlap integrals of left-handed 
fermions with intermediate KK-gauge bosons and mixing 
effects of the latter with Z'^ . The relevant expressions are 
given in (|B1[) . As KK modes are peaked towards the IR 
brane, overlap integrals with UV localized fermions are 
exponentially suppressed and RS-GIM is at work. The 
leading correction due to Z'^ exchange is enhanced by a 
factor L within the minimal RS variant. Nevertheless, 
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due to the stringent bounds from Z^bb, the total pen- 
guin contributions remain smaher than in the custodial 
model. In both models, it is sufficient to consider just 
the contributions stemming from the coefficients K^^^ 
in the neutral-current sector. The impact of double pen- 
guins is typically about 1% of the leading correction due 
to charged currents. 

In order to get the overall picture, we have to evaluate 
the whole expressions (fT8)) and (l28l) . In terms of 



Mf 



(32) 



the matrix elements are given by 



(Qi> = -MljlB,{y), 

(Q3> = \ MlJlR{^Ji)B^{^i), 
(Q4> - 2Mljl R{pL)Bi{fi), 
(25> = I MljlR{f')B,{fi) . 



The bag parameters Bi can be extracted from the lattice. 
We take the values of ^ in the NDR-MS scheme of 
They read 



(33) 



+5^ 



Bi - 0.87(2) 
Bi = 1.16(2) (^f 



52 = 0.84(2)(4), Bs 
B5 = 1.75(3) 



in') 



0.91(3)(8), 
(34) 



where the ffist (second) number in brackets corresponds 
to the statistical (systematic) error. In order to re- 
sum large logarithms we employ z = fn^ijhb) / m'^{fah) = 
0.048(4) g in our numerical analysis. We further use 
fhbifhb) = (4.22 ± 0.08) GeV and fhs{mb) = (0.085 ± 
0.017) GeV. 

In the first panel of Figure [1] we show the RS correc- 
tions to the magnitude and CP-violating phase of the 
Bg-B'^ decay width, Rr and 0r, for a set of 10000 pa- 
rameter points at Mkk = 2 TcV. The blue (dark gray) 
points correspond to the minimal RS model, where we 
plot only those that are in agreement with the Z''^ bb 
"pscudo observables" . The orange (light gray) points 
correspond to the custodial extension, where the latter 
bound vanishes. As we are just interested in the approx- 
imate size of RS corrections, we work with the LO SM 
expressions. For precise predictions for a certain parame- 
ter point, one should include the full NLO corrections to 
and Mfj. As expected, the RS corrections to iFfjl are 
rather small, typically not exceeding ±4%. The correc- 
tions to the magnitude and phase of the dispersive part 
of the mixing amplitude, Rm and (j)M, are plotted in the 
second panel of Figure [TJ At this point, one should keep 
in mind the experimental result from the measurement 
of the B^-B^ oscillation frequency 
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FIG. 1: RS corrections to the magnitude and CP- 
violating phase of the B'^-Bg decay amplitude, Rr and 
(f)r, as well as for the mixing amplitude, Rm an (pM- 
Blue (dark gray) points correspond to the minimal, or- 
ange (light gray) to the custodial RS model. The dashed 
lines mark the 95% confidence region with respect to the 
measurement of Am_B . See text for details. 



which is in good agreement with the SM prediction 
(17.3 ± 2.6) ps~^ [1^. As a consequence, all points with 
Rm ^ [0.718, 1.336] are excluded at 95% confidence level, 
as indicated by the dashed lines. For a sufficient amount 
of scatter points, the phase correction 0m can take any 
value of [— TT, tt] within the custodial RS model. Com- 
pared to (j)M, the new phase 0r can be neglected (what 
we will do from now on). 

We further take into account additional constraints 



from ex 
one needs to satisfy {ck 



1.2,3.2] 
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143. Exphcitly, 
where 



V2{AmK) 



.Im(Mi^SM 



M,f^^) , (36) 



cxp 



Am^g^ = (17.77 ± 0.10 (stat) ± 0.07 (syst)) ps~ 



(35) 



with if, = (43.51 ± 0.05)° [si] and = 0.92 ± 0.02 
[46| . The neutral kaon mixing amplitude is defined in 
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FIG. 2: Upper panel: Corrections within the AF^^/fis- 
plane for the minimal (blue/dark gray) and custodial (or- 
ange/light gray) RS model. Bounds from Z'^bb, ArriB^, 
and eK are satisfied. See text for details. Lower panel: 
Experimental constraints from flavor-tagged B — >3 J /ixji 
decays. Figure taken from 



analogy to (P7)) . The input data needed for the calcu- 
lation is given in Appendix B of [l^. As it turns out, 
without some tuning, the prediction for ex is generi- 
cally too large. The dangerous contributions from the 
operators Ql'^g [i^, [3j which can become comparable 
to those of Qf due to Rk = {MK/{ffid + m,)f f=i 20 
for jjL = 2 GeV and a more pronounced RG running, can 
be suppressed by imposing a U(2>) flavor symmetry in 
the right-handed down-quark sector. This symmetry is 
broken by the Yukawa couplings to obtain the correct 
zero-mode masses Nevertheless, if all bulk masses 

are equal, there are no tree-level FCNCs in the ZMA. 



FIG. 3: Corrections within the jAIl/S^^ -plane for the 
minimal (blue/dark gray) and custodial (orange/light 
gray) RS model. Bounds from Z^bb, Atub,, and ex are 
satisfied. See text for details. 



m ^ n due to the unitarity of Wd ■ Non-vanishing con- 
tributions from the exchange of KK gauge bosons arise 
from the mixing of the right-handed fermion zero modes 
with their KK excitations, thus involving an additional 
-y^/M^j^-suppression factor. For A/kk = 2 TeV, we could 
therefore reduce Cl\ by a factor of about 100. The same 
suppression factor then applies to the B-meson sector. 
For the coefficient Cf ^, there is no such protection. In 
our analysis however, we do not impose an additional 
flavor symmetry on the bulk masses, but rather use the 
bound from tK as a filter for our scattering points. 

Neglecting the small SM phases, the width difference 
([5]) can be written as 



AF,, AFf i?r cos 2/3, 



(37) 



This is evident from as (W^)„^^.(TVd)j„ 



for 



where 2/3^ « —4>\f Hi- The preliminary CDF analysis Q 
uses the older SM prediction AFf'^ = (0.096±0.039)ps-i 
Q , which we will take as central value for our calculation. 
Taking the more recent value will not change our conclu- 
sions. The resulting RS predictions for AFg arc plotted 
against /3s in the upper panel of Figure [2] Comparing 
to the CDF results in the lower panel, we conclude that 
the RS model can enter the 68% confidence region and 
come close to the best fit value. It stays below the desired 
value for AFg , as there are no sizable positive corrections 

to |Ff2|. 

It should be noted that the latest LHCh result of the 
phase = -2/3//''"^ = 0.03 ± 0.16 ± 0.07 agrees with 

the SM prediction ([3]) within errors. The above num- 
ber combines measurements of decays into J/ ■0(/> and 
J/'^fo m, SI]. In agreement with the Tevatron results, 
an enhancement of the width difference compared to the 
SM value has been found. The best-fit value is given by 
AFs = (0.123 ± 0.029 ± 0.011)ps-i [H]. 
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The SM prediction (A^l)sm = (1-9 ± 0.3) • 10'^ [T^I, 
which is often named a|j or a|, in the hterature, agrees 
with the direct measurement (^sl)oxp ^ —0.0017 ± 
0.0092 [s^l within the (large) error. However, recent 
measurements of the hke-sign dimuon charge asymme- 
try [EH , which connects to its counterpart 
of the i?J]-meson sector [s^ , imply a deviation of almost 
2(7. If one neglects the tiny SM phases and the NP phase 
corrections related to decay, A^-^ is proportional to the 
quantity 5"^^ Q, which is given by the amplitude of 
the time-dependent asymmetry in i?^ — > J /ixj) decays, 
^cp(*) — Stp^sm{AmBj)- Setting just the NP phase 
in decay to zero, one obtains the well known expression 



sin(2/3, 



) [53| , and thus 



both RS variants the biggest contribution comes from 
for most of the allowed parameter space, the new 
CP violating phase in Affj allows to relax the disagree- 
ment between theory and experiment. Concerning the 
combined ATs/f3s anaylsis, it is possible to enter the 
68% confidence region. In order to reach the best-fit 
value however, moderate corrections to iFfjl would be 
required which are unlikely to appear in the models 
at hand. For the case of the semileptonic CP asymmetry 
AgL, agreement can be obtained within Icr, where, at the 
same time, the best fit value of can be reached. 



Acknowledgments 



A. 



Rr 



SL 



M 



(38) 



The RS result is shown in Figure [31 where we have 
sketched the experimental favored values 5*^^, = 0.56 ± 



0.22 M and A: 



SL 



-0.0085 ± 0.0058 \5 



The 



latter number combines the direct measurement with 
the results derived from the measurement of Ag^ in 
semileptonic _B-decays together with the average Ag^ = 
—0.0047 ± 0.0046 from i?-factorics. It is evident from 
the plot that the best fit value of S^^ can be reproduced 
(with some tuning in the minimal RS variant), which has 
already been noted in [l2|, [T^ . Furthermore, the custo- 
dial RS model can enter the la range of the measured 
value of ^gL. The same conclusion has been drawn in 
[l6| recently, using a different approach. Here, the au- 
thors did not produce any concrete sets of input parame- 
ters, but scanned FCNC vertices across the allowed range 
subject to bounds from AF^ and Arris^ ■ 

Note that due to 5*^0 w sin 2/3s , the corrections in the 
AFf'^ //3s -plane and the A^^^/ S^^ -plane are correlated. 
An improvement in the former leads to an improvement 
in the latter. 



V. CONCLUSIONS 

In this article, we investigated the impact of RS mod- 
els on the width difference AF^ of the system 
and the related CP violating observables Agj^ and S^^. 
Therefore we calculated the leading corrections to Ffj in 
terms of NP Wilson coefficients and took the known ana- 
lytic expression for Mfj- As we use an effective Hamilto- 
nian approach, our result for can be applied to other 
NP models. Our analysis involves a scan over a set of 
10000 random points reproducing the correct low-energy 
spectrum as well as the CKM mixing angles and phase. 
Bounds from Z^bb, tx, and Ams^ have been taken into 
account. Due to the protection of the Z^b^bh vertex, the 
custodial extension allows for bulk masses Cb^ > —1/2, 
which enlarges the contribution of RS penguin operators 
and LL charged currents. While corrections to the mag- 
nitude and phase of Ff2 turn out to be small, where for 
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Appendix A: Wilson coefficients of charged-current 
operators 

The effective four-quark charged-current Hamiltonian 
can be written as 



n 



{W) 



off 



2V2Gi 



(Al) 



X {KL7M(Vi)„„u„^ -f d„^7^(V],)^„M„„] 

® [S™^7^(VL),„,„,d„'^ +u™^7''(Vi?,)„,„,d„.^](-fh.c.)} , 

where m,n,m' ,n' S {1,2,3} and a summation over the 
repeated indices is understood. Here, we have already ab- 
sorbed a universal correction factor (l-|-77i^/(2Af^j^)[l — 
l/(2i)]) into the Fermi constant due to the normaliza- 
tion to muon decay, from which Gf is extracted p7j . 
The tensor symbol merely indicates that the full ana- 
lytic result contains terms that can not be separated into 
independent matrix products. This is due to the sum 
over M^-gauge boson profiles, which in the minimal model 
reads 

Xn{t)Xn[t') _ 1 

^ ml 

n=0 " 



2lT 



m 



w 



1 



L{t\ -i^ - f^) + 1 - 



2L 



(A2) 



where = min(t^,t''^) (T^j, and we dropped terms of 
©(w^/M^j^). The term cx; t\ prevents a factorization into 
separate vertex factors. Performing the overlap integrals 
with the corresponding fermion profiles and employing 
the ZMA gives the rather simple result 



(Vl)„„®(Vi)„,„, 



(A3) 



1 + 



+ L (C/i)_(C/„),„(AQQ)„.(C/t )„,,([/,), 
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with the non-factorizable correction [45| 



(Aqq) 



'J 3 + 2cQ, 2 + CQ, + CQ^. 3 + 2cQ. 



(A4) 



For i3°-meson decays, the whole expression has to be 
evaluated for (m = 2,n = 2,m' = 2,n' = 3). Here, the 
leading term in (|A3[) . together with factorizable correc- 
tions of the form v^/M^^ {■■■)mn ■ {■■■)m'n' HI], should be 
identified with X^" . Concerning the custodial RS model, 
one would find additional factorizable terms, which also 
will be absorbed into CKM-matrix elements. Thus, we 
find at LO in uV^^kk 



CI'^(Mkk) 



'-w 



L 



(A5) 



Appendix B: Wilson coefficients of penguin 
operators 

At ©(w^/M^j^) the Wilson coefficients of the penguin 
operators in equation (|14l) arc explicitly given by |13j 



RS _ 7ra^ (A^)23 Trg 

^3 -T72 652^2^2 y^D)2S. 



^RS 



where 



^RS _ r'RS _ 

O4 — Og — — 



2M^ 



23 



TTQ!., 



23 



M2j^ 2iV, 
27ra 



*-^S ^ ^10 ~ ^ • 



23 



'^(Ai,)23 



9M 



KK 



27ra 

3s2~M2~ 



■{'^0)23 , 



(Bl) 



independent of the chosen scenario, and ^(Mkk) = . 
The biggest corrections are found for cq^ 3 > —1/2. For 
the mixed-chirality currents we have 



KK 



(A6) 



Here, m„ and are 3x3 diagonal matrices containing 
the SM-like quark masses, and 



f{c) 



1 



F2(c)(l-2c) l-2c 
-F^(c) / 1 



(1 + 2c)2 \^1 - 2c 



- 1 



1 



3 + 2c 



(A7) 



Modifications due to the custodial model are of higher 
order. Wc find the general RS prediction (j^^/^^ — q 
and 



C 



1 {muUi)^J{cQ,){Udmd 



Ii3 



a 



KK iUiUd),, 

RL 

U 



(A8) 



'22 



where the coefficients should be matched at the KK scale. 
The evolution down to the bottom mass is treated in 
Appendix [Dl 



D 



KK r 



(B2) 



These results are to be evaluated at the KK scale and 



are valid for the minimal RS variant for 



1. In 



the custodial RS model with Pi/j-symmetry, one finds 
cj^^ = [2^. Exact analytic expressions for Ad, A'^, 
and djj can be found in [l7|. However, as we only deal 
with light SM quarks in the initial and final state, it is 
convenient to apply the ZMA to the above expressions. 
Therefore we have to replace 



Ad U\ diag 
A'd ^ U\ diag 



3 + 2cQ, 
5 + 2cQ 



2(3 + 2cQ 



(B3) 



Ud 



as well as 



^"kk 



rridWl 



diag 



l-2cd, \F^Cd,) 



1 



F2 



Cd. 



3 + 2cd, 



(B4) 



Wd rud . 



In the custodial model with extended Pifl-symmetry, the 
term cx l/P^ , ) in is zero [2^ . All other expressions 
hold for both scenarios. The running of the penguin co- 
efficients is also treated in Appendix [Dl 



Appendix C: Wilson coefficients for AS = 2 
operators 

The AP = 2 operators that contribute to the 
mixing amplitude at tree- level are given by Qi, Qi, Q4, 
and Q5. There is no mixing between Qi and Qi un- 
der renormalization. The anomalous dimension for both 
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cases is given by j^^^l^^^ = 6 — 6/Nc [1^. The opera- 
tors Q4.5 mix under renormalization and the anomalous 
dimension matrix can be taken from (ssl . [56| . The run- 
ning of the coefficients is described by the general formula 
(|DT|) . Defining Add and Agd in analogy to (KA^ . the RS 
coefficients evaluated at the KK scale are given by [l^ 



RS 



ij' - d>2j 

■d ^2 ri ^2 



(CI) 



RS 



ttL 



2 



1 



Appendix D: Running of the A.B — 1 coefficients 

Concerning the evolution of the RS Wilson coefficients, 
we will restrict ourselves to the LO running in . Within 
the operator basis Q = (Qi, (52, Q3..10), the anomalous 
dimension matrix 'y^^\ which is a function of Nc, Uf, n„, 
and Ud (number of colors, flavors, up- and down- type 
quarks), can be found in [stI . [ssj . The running of the 
coefficients is given by 

C(mb) = U<^^\mb,mt)U<-''\mt,MKK)CiMKK), (Dl) 



where 



V 



as (M2) 



a 



("/) 



'^(Mi)J 



(D2) 



^RS _ 

^5 ~ M} 



KK 

2a« 



>i3 



.V + ^<^-'^- 44Q,(r|-4Q,)a 
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which are equal to 1 in the minimal RS model, and given 
by 



1 



i3q' 



(C2) 



t; 



3q' 



in the custodial RS variant with Ptj^-symmetry, where 
Sw (cw) is the sine (cosine) of the Weinberg angle. Nu- 
merically we ffiid w^^''^ « 2.9, a;^^''" « 150.9, and 
^didfj —15.7. The quantum numbers T^'' can be found 



in [ig, and T^"*^ = Tg''. 



Here, diagonalizes 7 



(0)^ 



via 7^"^£) 



and 7^°' contains the entries of 7^°''£i- The QCD beta- 
function is given by /3o("-/) = (H-^c ~ 2n^)/3, and we 
fix the running of as(/i) at /i = mj = 171.2 GeV and 
fi = Mkk = 2TeV. As it turns out, there is a mix- 
ing between Qi and Q2 independent of n/, n„, and Ud- 
The evolution in the penguin sector gets a small admix- 
ture from charged currents. The operators Q^^^^^ and 
Q2 ' do not mix into the penguin sector. Their inter- 
nal mixing is identical to that of the LL operators, and 
there is no mixing between charged currents of different 
chiralities. For the running of the LR/RL coefficients, 
we insert 



^(0) = 



6 



6 



(D3) 



into equation (|D1[) . where this formula also holds for the 
LL coefficients separately. 
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